Introduction
Physicians use many resources to stay current on the latest research in their respective fields, including conferences, electronic media, periodicals, peer-reviewed journals, and textbooks [1] . Physicians have historically relied upon reading peer-reviewed journals to maintain expertise, but keeping abreast of one's field is becoming increasingly difficult, given the meteoric growth of peer-reviewed scientific literature [2] . Currently, scientific literature is reported to double every 7 years [3, 4] . Academic physicians-especially clinician researchers-face even more challenges to remain up to date on contemporary practice with increased pressure to drive cutting-edge evidence. Although pediatric neurosurgery is a relatively small discipline, some advances in this field expand upon discoveries made within other disciplines, such as molecular biology, neurology, oncology, and radiology. For this reason, it would be advantageous to identify journals that contain the highest yield of information useful to pediatric neurosurgeons.
The original description of how information is scattered for a given subject was published by Samuel C. Bradford in 1934 [5] . As a librarian in London, he discovered that for a given subject (he was studying geophysics), there is an exponentially diminishing return when extending a search for references in journals. If we think of all references on a given subject as being equally divided into three groups, or zones, the citations in papers in the first zone will come from a small "core" of journals. Zone 2 will involve significantly more journals to achieve the same number of citations, and the third zone will involve many more, such that there is "diminishing productivity"-or fewer and fewer references per journal-as one moves from zone 1 to zone 3 [5] . This has become known as Bradford's law of scattering, or Bradford's distribution. Hjørland and Nicolaisen [6] noted that Bradford's law has been used to influence the methodology of building collections, selecting journals indexed in bibliographies, measuring the coverage of bibliographies, solving practical problems related to information seeking and retrieval, and arguing for an updated organization of bibliographical work and scientific documentation. Together, Bradford's law of scatter, Lotka's law of scientific productivity, and Zipf's law of word occurrence form a triad of the most commonly used principles in bibliometrics.
The quantitative relationship between the zones relies upon multiple parameters in establishing a sequence of ratios often described as c to ck to ck 2 for the minimal three-zone pattern. Parameters c and k represent the number of journals in the zone 1 core and the Bradford multiplier, respectively. The parameter p assigns the number of Bradford zones in the sequence and can be chosen freely but is generally accepted as a minimum of three to a maximum of ten [7] ; it also sets the citation target for each zone by dividing the total number of citations, A, equally into p zones. As an example, suppose there are six (c) core journals in a given area of research (zone 1). If a researcher finds 15 articles of interest in those six journals in a month but requires an additional 12 journals to find 15 more articles of interest (zone 2), the Bradford multiplier would be 2 (k). For each subsequent 15 articles, the scientist would have to search 24 (ck 2 ) (zone 3), then 48 (ck 3 ) (zone 4), then 96 (ck 4 ) (zone 5) journals, and so on. It is assumed that each field has its own c and k.
A number of mathematical approaches exist to model Bradford's law of scattering to a particular data set [7] [8] [9] [10] . Egghe's expansion of Leimkhuler's method was employed in this study, as it has been the most widely used [7, 8, 10, 11] . This formulation relies on the use of exponential functions to predict zonal distribution and depends upon the citation database parameters of total citations by the top journal and the total number of journals; however, no mathematical formulation has achieved consistent statistical significance [12] .
Bradford's law of scattering has been used to describe core journals for nursing [13] , physical and rehabilitation medicine [14] , physical therapy [15] , physics [7] , occupational therapy [16] , and science [9] . In 2013, Madhugiri et al. [11] described the first application of Bradford's law of distribution to identify core journals within neurosurgery. The researchers sampled all articles published within a defined 3-month period meeting criteria as stated by the authors from 11 top-ranked neurosurgical journals based on their h-index and impact factor. They were able to fit Bradford's law into three partitions (p) with a total of 182 journals with the six core journals for zone 1 being the Journal of Neurosurgery, Neurosurgery, Spine, Acta Neurochirurgica, Stroke, and Journal of Neurotrauma [11] .
One limitation of these results is its practical application since many neurosurgeons, private and academic, have completed fellowships and consequently have a specialized practice. A targeted approach to present core journals for each of the Committee on Advanced Subspecialty Training (CAST) neurosurgical subspecialties may be more useful to those subsets of neurosurgeons. Identifying the core journals of neurosurgical subspecialties may also serve to guide medical students, residents, and fellows to the journals that have the highest impact in subspecialties of interest.
Bradford's law was originally described for complete databases [5] , but the incredible expansion of scientific literature precludes a complete sampling of broad topics, such as neurosurgery [2] . By limiting the amount of literature sampled, there will certainly be selection biases within the database. One bias may be due to regional preference of journals from which to cite it. This regional bias, to our knowledge, has not been described regarding citation bibliometrics. Neurosurgeons from Europe or Asia may choose to publish articles in regional journals and may prefer to cite articles published in those journals.
We recently created publication productivity profiles of nearly all academic neurosurgeons in the USA [17] . These bibliometric indices-the h-index in particular-have been widely applied to neurosurgery [17] [18] [19] [20] [21] [22] [23] [24] [25] . Using this database, we identified the 25 top-ranked North American pediatric neurosurgeons based on the manually calculated h-index from Scopus (Elsevier, www.scopus.com) [17] . By sampling the journal articles referenced by those pediatric neurosurgeons over a 5-year period (2009) (2010) (2011) (2012) (2013) and applying Bradford's law, we identified the core journals of pediatric neurosurgery. In a separate analysis, we sampled articles published by a group of the top 25 pediatric neurosurgeons in Europe as provided by the Editor-in-Chief of Child's Nervous System, Dr. Concezio Di Rocco. A similar database was created for this group for relative comparison of the regional dependence on citation density and publication preference.
Methods

Study population and data retrieval
The top 25 North American academic pediatric neurosurgeons ranked by h-index were identified from our bibliometric database. All researchers carrying grants for non-pediatric-specific research were excluded to sample a group more representative of the general pediatric neurosurgeon. Grant history was reviewed for each author using information from departmental websites. We also analyzed 25 of the top European pediatric neurosurgeons as provided to us by Dr. Di Rocco.
Scopus was used to identify all original research journal articles for each pediatric neurosurgeon, spanning the years 2009-2013. Every article for each author was evaluated to compile data describing the journal publication counts and journal citation counts. Self-citation data were retrieved from Scopus's built-in search and filter functions.
Every effort was made in our database to exclude intradepartmental duplications of publications for those researchers who may share authorship. The researcher with the highest h-index received credit for all publications authored. For the next highest author, any papers coauthored with the first researcher were excluded, but credit was given for all other publications. This sequence was continued until we accounted for all researchers in a given department.
After compiling the databases, we examined the citation list for entries that were not journals (e.g., book chapters and presentations), and these entries were removed. Because these nonjournal entries were removed after exportation from Scopus, the total citations used in describing the cohort are likely to be greater than the final number used in all Bradford's law analyses.
Egghe's formulation of Bradford's law of distribution Bradford's law uses three parameters to model the c to ck to ck 2 …ck p − 1 sequence using Egghe's formulation. Parameter c defines the core number of journals. Parameter k defines the Bradford multiplier. These parameters are dependent on the choice of p, which represents the number of zones. They can be solved using the equations below:
The two constants in Eq. (1), e and γ, represent Euler's number and Euler's constant, respectively, where e γ =1.781.
Y m and T describe qualities of the database: Y m is the number of citations of the highest ranked journal, and T is the cumulative number of journals in the database. Using these equations, a theoretical distribution of Bradford zones can be established for a citation database. Egghe's formulation has been shown to be accurate for many different applications to bibliometric analyses [8] . Using Egghe's formulation, one can create a graphical representation of Bradford's distribution. The following equations are used for this:
Each zone of journals should contain the same number of citations (A/p) where A is the total number of citations. Additionally, a separate analysis based on Bradford's verbal formulation was performed; the total number of citations was separated into p zones, and the number of journals in each zone was matched to the appropriate citation density. From these counts of journals, c was given as the count of journals from the first zone, and k was a common multiplier between zones.
Analysis of regional differences in citation density
Two separate databases were created from the North American and European groups. Databases were compared for journal publication preference, and Bradford's law was used for the final core journal analysis.
Results
Study cohort and publication database
The top 25 North American pediatric neurosurgeons were all male doctors and represented 21 separate academic departments. One department had three authors, two departments had two authors each, and 18 authors were the sole representatives from the remaining departments. The median career hindex was 37. Over the 5-year period, the mean number of publications per author was 29, and the mean number of journal articles referenced per author was 982. The mean number of references per publication per author was 32. These researchers also had an average self-citation rate of 1.28 per publication ( Table 1) .
The top 25 European pediatric neurosurgeons, 21 of which were male doctors and 4 female doctors, represented 23 departments. Two departments had two authors, while 21 departments were represented by a single author. Their median career h-index was 15. Over the 5-year study period, the mean number of publications per author was 22, and the mean number of journal articles referenced per author was 583. The mean number of references per publication per author was 26, and the mean self-citation rate was 0.52 citations per publication ( Table 1 (14), and Journal of Neurosurgery (13). These ten journals represented over 50 % of the total publications ( Table 2) .
The European group authored 541 articles in 168 journals from 2009 to 2013; these articles included 15,443 total journal article references. The top ten journals this group published in were the Child's Nervous System (241 articles, 37.7 %), Journal of Neurosurgery: Pediatrics (38), Acta Neurochirurgica (16), Neurosurgery (11), Neurocirurgia (7), British Journal of Neurosurgery (5), Journal of Neurosurgery (5), Journal of Pediatrics (5), Neurosurgical Focus (5), and World Neurosurgery (5). These ten journals also represented over 50 % of the total publications for this group.
Egghe's formulation of Bradford's law
The citation database was ranked in descending order of the number of citations per journal ( Table 3 ). The ranked citation density distribution can be seen in Fig. 1 . The number of citations in the top journal, Journal of Neurosurgery, was used as Ym (1, 553) , and the total number of journals cited was used as T (2,231). Using these values in the previously described Egghe's formulation, we solved for the theoretical citation distribution for p=3-8, where p is the number of zones. The citation distribution expected from Egghe's formulation did not fit the observed citation distribution identified by our citation database (Fig. 2 ). Egghe's formulation would predict that all zones carry an approximately equal distribution of citation density, but our distribution did not fit this expectation. With four zone distribution differences between Bradford's verbal formulation and Egghe's formulation (Table 4 ), Egghe's formulation was abandoned in favor of the verbal formulation of Bradford's law.
Verbal formulation of Bradford's law: North American group
Using this method, we discovered that the distribution followed a pattern for certain values of p. Parameters c and k could be found for the first three zones that satisfy the verbal formulation, while all zones beyond three failed to reach the expected citation density for that Bradford multiplier. The closest fit across the first three zones was for p=4 (Fig. 3) . With this formula, the core journals for pediatric neurosurgery emerged as the top nine ranked journals with a Bradford multiplier of 4. The core journals of pediatric neurosurgery ranked by citation are as follows: the Journal of Neurosurgery, Neurosurgery, Epilepsia, Child's Nervous System, Pediatric Neurosurgery, Neurology, Journal of Clinical Oncology, Cancer Research, and New England Journal of Medicine.
Regional differences in citation density
A Bradford's law analysis was completed in a similar fashion for a group of 25 of the top European pediatric neurosurgeons. The citation density among this group was more closely correlated with Egghe's formulation than the North American data set (Fig. 4) . For continuity between group comparisons, the final Bradford model used was the verbal formulation. The verbal 
Discussion
Bradford's law, although not commonly used in academic medicine, was recently used by Madhugiri et al. [11] to identify core journals for the entire field of neurosurgery.
The aim of our current study was to further establish a method of using Bradford's law in identifying core journals of pediatric neurosurgery. Using the verbal formulation of Bradford's law, we found nine journals in the core with a Bradford multiplier of 4. A separate analysis was conducted using Bradford's law to identify regional differences in citation density and preference between North American and European pediatric neurosurgeons. To our knowledge, this is the first study, to date, analyzing regional dependence upon citation density. Sampling for these types of analyses may be done in one of two ways; some Bradford's law analyses begin by sampling from a selection of journals specific to an academic field, while others sample the publications of a select group of researchers to analyze their core journals [7, 12] . We chose the second methodology to adequately include those journals that, although unconventional, may contain high-impact articles. The publication history of the top 25 North American pediatric neurosurgeons was chosen based on the h-index because the h-index is a measure of career productivity, and as such, these clinicians have a proven track record of highimpact articles [17, 20] . A 5-year publication history of the top 25 neurosurgeons was chosen to provide an adequate and current sample of references from which to draw meaningful conclusions. We believe that sampling the recently published research by pediatric neurosurgeons accurately portrays the distribution of the active journals in pediatric neurosurgery. Although a different methodology was used to select the We identified a difference between journals in which North American pediatric neurosurgeons are publishing and those that they are citing. While nearly one fifth of the articles published by North American authors appeared in the Journal of Neurosurgery: Pediatrics, it represented only 1.09 % of all citations, ranking as the 12th most-cited journal and falling into zone 2 of the Bradford distribution. This finding is consistent with our previous studies. We recently demonstrated that the Journal of Neurosurgery: Pediatrics published no articles in the top 100 cited pediatric neurosurgical articles of all time but was the source of one article in the top 50 list over the last decade [26] . This journal officially split from the Journal of Neurosurgery as a separate publication in 2004 (www.thejns.org), and in general, the impact of a journal takes time to increase.
Our citation database did not fit the currently accepted formulations of Bradford's law, an issue common to many other researchers [6, 7, 11] . The observed distribution showed a greater number of citations in the first and last zones than expected, while the central zones contained less. Analysis of European pediatric neurosurgeons illustrated a less pronounced difference.
To explain the discrepancy of our results from the expected zonal distribution, it has been suggested that highly interdisciplinary fields favor this type of distribution [12] . The concept of interdisciplinarity and its impact on the production of scientific literature has only recently been described [27] . Hjørland [12] addressed the definitions of "subject" and "interdisciplinarity" in application to Bradford's law in 2007. When a subject has a high degree of interdisciplinarity, the distribution of that information will likely have increased scatter. Since pediatric neurosurgery involves the integration of multiple disciplines, including the basic sciences, the relative weakness of the core and strength of the central zones compared with the theoretical model can likely be explained by this concept. Further research on interdisciplinarity and its impact on the spread of scientific information is needed.
The discrepancy in the actual data from the model may also be explained by looking at the journals that make up each zone. The core journals represent those that are more specific and inclusive to the field of study. The journals that make up the second zone represent a broader range of research and a broader readership. Many journals in this second zone also have high h-indices and impact factors. These journals may contain a small number of high-impact articles relevant to many disciplines. Analysis of specific article density per journal was outside the scope of this study.
The influence of region upon citation density or citation patterns has not been previously described. Regional biases have been studied for article inclusion within meta-analyses; a study by Egger et al. found that meta-analyses published in English-language journals almost exclusively included prior studies published in English, even though many prominent Western European journals publish in other languages [28] . Similarly, there were differences in the most frequently cited and published-in journal between North American and European pediatric neurosurgeons. The North American group favored the Journal of Neurosurgery: Pediatrics for publishing, while the Journal of Neurosurgery was the most cited; conversely, Child's Nervous System was both the most published in and the most cited journal among Europeans. While the top preference does show a regional bias when comparing the results of the Bradford analysis between groups, the top five journals between groups differed by only one journal. Child's Nervous System, Journal of Neurosurgery, Neurosurgery, and Pediatric Neurosurgery were common in both groups, while the European and North American fifth most-cited journals were the Journal of Neurosurgery: Pediatrics and Epilepsia, respectively. This similarity demonstrates that those four common journals are publishing research that is fundamental to ongoing studies on both sides of the Atlantic Ocean.
So, how does our work affect the average pediatric neurosurgeon? Given the time necessary to fulfill clinical, administrative, and family duties, one is left with limited opportunity to stay well-informed on current literature within a chosen field of expertise. It is therefore fitting to identify the most valuable journals in terms of significant articles to provide direction toward high-impact literature. We have demonstrated that there are several journals with broader readership whose research articles have a significant impact upon our small specialty. Do we recommend that one should subscribe to all journals listed in our core? No. This would be prohibitive both logistically and financially; however, a possible solution would be for pediatric neurosurgical societies (e.g., American Society of Pediatric Neurosurgeons) to periodically highlight those articles pertinent to our specialty found in those nontraditional journals. Kondziolka wrote a well-worded editorial to the article by Madhugiri et al. [29] in which he states that the classic knowledge paradigm of article submission/peer review/publication/citation is "fundamentally flawed." Indeed, there are other avenues, some driven by technology and possibly more time efficient, that allow researchers to stay up to date, apart from reading journals, such as attending conferences, participating in journal clubs, using online resources (e.g., www.uptodate.com), teaching residents and fellows, and interacting with other neurosurgeons electronically (e.g., Neurosurgery Research ListServ, www.neurosurgic.com). Some search engines (e.g., Scopus and Google Scholar) can now alert clinicians when articles that fit their areas of research are published online. ResearchGate (www.researchgate.com) is an online community of researchers that allows the subscriber to choose which other researchers within the community to follow, thereby replacing the written journal as the primary source of information with a group of individuals. Nonetheless, perusing a table of contents within the ever-growing stack of journals on one's office desk will remain an important means of acquiring new information. We believe that identifying the core journals of neurosurgical subspecialties can direct readership to the journals that are most likely to contain useful information while also identifying those journals that, although unconventional, may contain especially high-impact articles.
Limitations
This study can only be as accurate as the database used to complete it (i.e., Scopus). Scopus may have multiple entries for some researchers based on variation in name reporting. These entries generally included few or singular publications that may or may not have met our inclusion criteria and were not included in this analysis. With such a large sample size (23,798 Citations), we considered the lack of these entries to be negligible. The export utility in Scopus is limited to 160 rows of data, and thus, the inclusion criteria were broken into smaller partitions to accommodate this limitation; however, when viewing all citations used by an author, Scopus eliminates duplicate references, and by exporting smaller partitions of the whole, some of these duplications may have been included. Data collection was completed in early December 2013 and, as such, may not have included all publication in the stated time frame.
Conclusion
Bradford's law of distribution has been underapplied to fields of academic medicine. We present the first core journal analysis of pediatric neurosurgery. There is a regional bias toward the top cited journal between North American and European pediatric neurosurgeons, but four of the top five cited journals are common to both groups. We propose that the current core journals for pediatric neurosurgery are the Journal of Neurosurgery, Neurosurgery, Epilepsia, Child's Nervous System, Pediatric Neurosurgery, Neurology, Journal of Clinical Oncology, Cancer Research, and New England Journal of Medicine.
